ABSTRACT Chlorination is an effective disinfection method of drinking water treatment. Optimizing this process poses certain challenges, as the objectives of reaching the required disinfection effect and limiting the formation of disinfection by-products must be met simultaneously. These need adjusting the chlorine dosage in real time to cope with fluctuations in water quality and maintaining a free chlorine residual at the clear-water reservoir outlet that does not exceed regulatory limits. This paper proposes a composite control scheme that combines disturbance observer (DOB) and model predictive control (MPC) to meet the aforementioned objectives. MPC is employed for the feedback control of post-chlorine dosage, and DOB is adapted to monitor fluctuations in influent water quality. The estimated value from the DOB is applied in the feed-forward control of post-chlorine dosage. Both simulation and experimental results demonstrate that the proposed DOB-MPC composite control scheme provides a better disturbance rejection effect against fluctuations in influent water quality than MPC-only and PID-only control schemes, and it can effectively stabilize the quality of treated water.
I. INTRODUCTION
Chlorine is commonly used to inactivate harmful pathogenic microorganisms during drinking water treatment [1] . Although higher chlorine dosage will lead to greater disinfection, it also promotes the formation of harmful disinfection by-products (DBPs), such as trichloromethane, tetrachloromethane, among others [2] , [3] . Reaching an effective chlorine dose is generally achieved by monitoring the free-chlorine residual (FCR) at the clear-water reservoir outlet, which is dependent on the local climatic conditions of water treatment plant [4] , [5] . In water treatment plants, post-chlorine dosing process is typically implemented by facility operators who are responsible for monitoring the FCR at the clear-water reservoir outlet. In practice, however, it is difficult for an operator to monitor the FCR continuously, and post-chlorine dosage control is subject to an individual operator s personal experience.
A real-time automatic control method can settle these issues and offer certain advantages. The proportionalintegral-derivative (PID) method is a relatively
The associate editor coordinating the review of this manuscript and approving it for publication was Chaoyong Li. easy-to-implement feedback control scheme that is widely used in the real-time automatic control of post-chlorine dosage [6] . The PID control scheme adjusts the chlorine dosage based on the difference between the actual measured value and the target value of the FCR. Although this method provides some control of the FCR, PID control does not allow for real-time adjustment of the chlorine dose due to the significant time delay in the feedback loop and its nonlinear characteristics. With frequent fluctuations in raw water quality and those occurring throughout the treatment plant s other systems (e.g., coagulation, flocculation, filtration), a PID scheme is not ideally suited to post-chlorine dosage control.
Alternatively, model predictive control (MPC) computes the control action based on the difference between a model-based prediction value and the target value of the process output. Thus, it can drive future process outputs 'closer' to the targeted value [7] , [8] . MPC is widely considered to be an effective feedback control method for nonlinear processes with large time-delays [9] , [10] . Hence, MPC is employed in the proposed control scheme for feedback control of post-chlorine dosage.
Feed-forward control is another important method to compensate for process disturbances [11] , [12] . As actual disturbances in a controlled process are difficult or impossible to measure, feed-forward control is considered one of the most direct and active disturbance rejection methods. Disturbance observer (DOB) is an effective disturbance estimation technique that has been widely used in feed-forward control schemes [13] , [14] . Accordingly, DOB has been integrated into the proposed MPC scheme to estimate disturbances caused by changes in influent water quality. The estimated DOB disturbance value is then used for the feed-forward control of the post-chlorine dose.
The development of an effective composite control scheme for the real-time automatic control of post-chlorine dosage is the primary focus of this study. Within the composite control scheme, MPC is employed for feedback control, and DOB is adopted to compensate for disturbances in influent water quality. This control scheme dramatically improves post-chlorination by responding quickly to fluctuations in influent water quality. To date, the proposed composite control scheme has been simulated and successfully tested in the post-chlorine dosing process at the XY Water Plant (XYWP) in Nanjing, China.
This study examines three important aspects of postchlorine dosage control, including the characteristics of the underlying chlorination process, the use of a composite control scheme consisting of DOB and MPC methods, and the effectiveness of the control scheme as demonstrated by simulation and experimental results.
II. POST-CHLORINATION PROCESS
To better evaluate the control of post-chlorine dosage, it is important to understand the underlying process. The XYWP facility (capacity of 300,000 m 3 /day) was originally put into service in 2001, with raw water captured from Yangtze River. The overall drinking water treatment process of the XYWP facility is depicted in Figure 1 . The facilityąŕs treatment system includes pre-chlorination and post-chlorination processes. Pre-chlorination is primarily utilized as a flocculation aid and to remove algae and organic matter [15] . Post-chlorination is the main process of disinfection, oxidation of organic contamination and removal of pathogens, and directly affects the quality of treated water [16] , [17] . The post-chlorination system injects gaseous chlorine in proportion to the water flow entering the clear-water reservoir, and the actual post-chlorine dosage is referred to as the proportionality factor.
Post-chlorination is conducted in two phases, including a rapid consumption phase and a slow decay phase. The rapid consumption phase is terminated quickly, making it is difficult to measure. The slow decay phase can be characterized by a first-order model [18] , [19] . In the model, the FCR at the clear-water reservoir outlet is designated as the controlled variable, and the post-chlorine dosage is designated as the manipulated variable. The control-oriented model is characterized as a first-order plus time-delay (FOPTD) model:
where g m (s) is the minimum phase part, e −τ s is the time-delay part, D x (s) is the uncertainties or disturbances. Amplification coefficient K and inertia time constant T are determined by influent water quality, water flow, etc [20] , [21] . Time-delay parameter τ is determined by influent water flow. With continuous fluctuations in water quality and water flow creating degrees of uncertainty, the FOPTD can be further characterized as dynamic .
III. DOB-MPC COMPOSITE CONTROL SCHEME A. MPC
MPC employs the control-oriented model presented as equation (1) to predict the FCR at the clear-water reservoir outlet over an extended prediction horizon [8] , [22] . At every sampling instant, future chlorine dosage control sets the predictive output as close to the reference trajectory as possible. The future control action is computed by real-time optimization of a cost function, written as:
subject to
where N y is the prediction horizon, N u is the control horizon, λ j and λ j are the input weights of relative importance, y(k) and y r (k) are the predictive output and targeted output respectively, and u(k) is the change of input. Generally, the prediction horizon N y is selected longer than the control horizon N u . We chose these parameters through trail and error in the simulation and experiments. At time step k, the nonlinear optimizer computes the present and future manipulated variable such that the predictive output follows the reference set-points through minimizing the cost function. The manipulated variable is applied to the process and the computation is repeated for following time step [23] , [24] .
To address the effect of changes in influent water quality on post-chlorine dosing process, an online correction strategy is employed. Online correction is determined by a comparison of the feedback error err(k) = |y(k) − y m (k)| and the pre-set error err min , where y(k) is the actual output, and y m (k) is the model output. To improve the online learning speed of the algorithm, only model outputs exceeding the pre-set error are online corrected.
If the feedback error err(k) < err min , the model is said to match the actual process, and online correction is not required. The predictive outputŷ(k) in equation (3) is expressed as:ŷ
If the feedback error err(k)≥err min , the model is said to mismatch the actual process, and online-correction is required. The predictive outputŷ(k) in equation (3) is expressed as:ŷ
B. DOB-MPC COMPOSITE CONTROL DOB estimates the disturbance of the controlled process based on the controlled variable and the manipulated variable. The design of feed-forward compensation based on the DOB can effectively overcome the influence of the disturbance on the controlled process [25] , [26] . Post-chlorine dosing process with large time-delay characteristics require special feed-forward compensation based on the DOB. This compensation is introduced into the MPC, and this constitutes the composite control scheme depicted in Figure 2 . In Figure 2 , Y r (s) is the targeted value of the controlled variable, U 0 (s) is the output of the MPC controller, G p (s) is the controlled process, and Y (s) is the actual output of controlled process. Among the dashed box of the DOB, D(s) is the actual disturbance,D f (s) is the estimation value of disturbance, and Q(s) is the filter, which is usually the low-pass filter of static gain 1, namely:
where r is the order of filter, and λ is the time constant of filter.
The design of Q(s) directly determines the dynamic characteristics of DOB control and the robustness of the control system. The higher the order r, the faster the response speed of the DOB, resulting in stronger disturbance rejection. However, as the order r increases, lag increases and causes underdamping, which decreases the robustness of the control system. Therefore, the order r is usually taken as the relative order of the control-oriented model (the difference between the order of the denominator and the order of the numerator). The greater the time constant λ, the more stable the closed-loop system. The smaller the time constant λ, the greater the disturbance rejection of the closed-loop system. Thus, to optimize performance, the design of Q(s) should consider both the robustness and disturbance rejection of the closed-loop system [27] .
IV. RESULTS AND DISCUSSION

A. SIMULATION RESULTS
The simulation of the proposed composite control scheme is performed on the MATLAB platform with a time range of 0-12 hours (hs). As in the above analysis, the post-chlorine dosing process can be described as a FOPTD model, of which the model parameters change with the varying water quality and water flow. Thus, a FOPTD model equation (8) with certain water quality and water flow conditions is considered here as the post-chlorine dosing process for simulation.
The proposed composite control scheme is simulated to maintain the FCR at the clear-water reservoir outlet at target values of 0.6 mg/L during the time range of 0-6 hs and 0.7 mg/L during the time range of 6-12 hs. The MPC-only and PID-only control schemes are also simulated for comparison purposes. The control effect under varying water quality is studied in the nominal case and the model mismatch case. To further verify the disturbance rejection performance of the proposed MPC scheme, an external disturbance of 0.1 mg/L, which is shown in Figure 2 D(s) , is applied at the 10 th hour of the simulation. The overshoot, settling time, and integral of absolute error (IAE) (shown in equation (9)) are chosen as the quantitative indices to evaluate the performance of the control system.
where r(t) is the reference signal and y(t) is the actual process output. Table 1 . During the time ranges of 0-12 hs, the proposed DOB-MPC composite control scheme and MPC-only control scheme provide similar performance results because of model matches and an absence of external disturbance (i.e., the DOB is equal to zero). Both can provide smaller overshoots, shorter settling times, and higher tracking precision, while the PID-only control scheme exhibits a larger overshoot, a longer settling time, and lower set-point tracking precision. During the time range of 10-12 hs, the DOB-MPC composite control scheme presents better disturbance rejection performance than MPC-only or PID-only control schemes due to the feed-forward compensation by the DOB. 
2) MODEL MISMATCH CASE
In the drinking water treatment process, the quality of influent from a clear-water reservoir varies with time. This can result in a mismatch between the established FOPTD model and the actual conditions of the post-chlorine dosing process. To verify robustness of the proposed composite control scheme, a 20% increase in the parameters presented in equation (8) is simulated for the model mismatch case. Thus, the actual post-chlorine dosing process is presented in equation (10) .
All parameters in the DOB-MPC composite control scheme, the MPC control scheme, and the PID control scheme remain unchanged. The corresponding simulation results are presented in Figure 4 and the performance indices are presented in Table 2 . During the time range of 0-12 hs, the proposed DOB-MPC composite control scheme provides smaller overshoots, shorter settling times, and higher tracking precision over MPC-only or PID-only schemes with respect to feed-forward compensation of DOB. During the time range of 10-12 hs, the proposed DOB-MPC composite control scheme also presents better disturbance rejection performance compared to MPC-only or PID-only control schemes. Overall, the proposed DOB-MPC composite control scheme presents better control performance and robustness over MPC-only or PID-only control schemes with respect to model mismatch and external disturbance associated with fluctuations in influent water quality of clear-water reservoirs. 
B. EXPERIMENTAL RESULTS
To test the practical application effects of the proposed DOB-MPC composite control scheme, experiments were conducted with similar water quality conditions together with the MPC-only and PID-only control schemes. The control algorithms are coded on commercial Supervisory Control and Data Acquisition (SCADA) software designed for the XYWP facility. All online data sent from or to the post-chlorine dosing control system are connected through the distributed control system (DCS) as shown in Figure 5 . Process data is saved in a database on a PC server, and the control schemes are programmed on a PC and executed through a programmable logic controller (PLC). During the practical post-chlorine dosing process, the chlorine dosing point locates the inlet pipeline of clear-water reservoir. The contact time of chlorine and water is an important factor to ensure the disinfection effect. The chlorine and water should be fully mixed in the clear-water reservoir, and the contact time should be longer than 0.5 hours. After chlorine dosing, chlorine and impurities in the filtered water fully react in the clear-water reservoir, then through the second pumping room into the water supply system. The control block diagram of post-chlorine dosing system is shown in Figure 6 . Influenced by the fluctuations in raw water quality and the processes upstream from the post-chlorination system, model mismatches and external disturbances are common. Experimental results presented in Figure 7 and Table 3 indicate that the proposed DOB-MPC composite control scheme provides better disturbance rejection compared to the MPC-only control and PID-only control schemes. These real-world experimental results are consistent with the simulation results in the model mismatch case. In addition, overshoot and settling time of the experimental results are less than those calculated by the simulator. This is due to lower actual variation amplitude of the influent water quality observed during the experimental periods. Consequently, the degree of model mismatch is smaller. On the other hand, the IAE of the experimental results is larger than the IAE in the simulation results. This is due to the continuous fluctuation of actual influent water quality and the actual FCR.
V. CONCLUSIONS
A DOB-MPC composite control scheme has been proposed to control the post-chlorine dosage of drinking water treatment, in which MPC is employed for the feedback control and DOB control is adopted to estimate the disturbance caused by the fluctuations in influent water quality and water flow. Compared with the MPC-only and PID control schemes, the simulation and experimental results of the composite control scheme demonstrated significant performance improvements. To better evaluate the performance of the proposed DOB-MPC composite control scheme, a longer, more comprehensive experiment that includes stability analysis should be conducted.
